This article explains first why silicon is still the most commonly used material in I.C. manufacturing. Then the requirements for the specifications and the quality of silicon wafers are presented, with a discussion of the technologies involved.
Té CHALLENGES FACING THE I.C. MANUFAC-
TURiNG. 2013 The I.C. industry is facing three major challenges : -Increase the number of operations per second in the computer, the complexity of these operations, by decreasing the delays in the devices and in the packaging.
Decrease the cost per operation at the machine level, by an increase in productivity especially by using larger wafer and by a larger integration of the circuits. Figure 1 gives the evolution of the number of logic circuits per chip and per module. This number doubles every year. The reduction of the cost of packaging needs a lower heat generation of the circuits.
Decrease the failure rate at the chip and the packaging level, by the use of redundant circuits, a drastic control of cleanliness during manufacturing operations, the use of new materials for interconnections, and a reduction of the current densities involved. Dennard [l, 2] . He pointed out that one can reduce by an identical ratio all the length, the widths and the thicknesses, and by an other ratio the applied voltage or the dopant concentrations. This induces smaller delays and/or reduces heat generation. He showed that scaling reaches limits only for very small dimensions (fraction of a micron). In the interconnections, a smaller delay needs no or small reduction of the thicknesses, compared to lengths and widths ; but the main progresses are due to the change in the nature of the wires : more complex circuits, reduction of cables, change in the modules and in the cards. Figure 2 compare the system delay between 3033 and 3081 technologies. The -A large diameter to achieve high productivity. The evolution of the size of silicon and gallium arsenide single crystals is shown in figure 3 .
-No crystalline defects in the part of the wafer where circuits are implanted : a dislocation free monocrystal is necessary.
-Gradients and fluctuations of dopant concentration as small as possible.
-A good resistance to plastic deformation. Czochralski (CZ) (bibliography in Rosenberger [3] and Zulehner [4] ), and Float Zone (FZ) (bibliography in Dietze [5] (Fig. 4) [7] and Zulehner [4] ). [7] . Impurities rejected in the melt increase slowly CL, and then Cs, as pulling proceeds. Figure 8 gives the value of ke versus VÔID, and the ratio of Cs/Co (Co, the initial concentration in the melt) versus crystal ; these flows are characterized by the number of Grashof, Nor, which is the ratio of forces due to the change in density to the forces of viscosity. For silicon :
R is the radius of the crucible.
In the melt, heat is also dissipated by irradiation or convection at the interface between the melt and the atmosphere.
-
The crystal gets heat from many sources : the melt ; the latent heat of freezing of silicon ; radiative heat from the liquid surface, from the emerged part of the crucible and the walls of the equipmen. It dissipates heat by irradiation and convection along its cylindrical lateral surface and through the head, and by conduction through the seed. See Rosenberger [3] , Rea [8] , Ramachandran [9] .
The interface is convex when the heat sink is very efficient (pulling of the head, or high contribution of the convection of the gaz), and concave in the other case. Convex or concave refer to the shape of the solid side. Figure 9 represents a typical axial distribution of temperatures. When the radius is constant, the pulling rate and the RF power are adjusted, but the distribution of temperature is not a function of this adjustment : the temperature is inversely proportionnal to the square root of the radius and independent of the pulling rate.
Thermal history of the wafers. - [11] showed that ôo does sot depend on the distance to the axis and For a finite disk of radius r, this convection is characterized by the number of Reynolds NRe, which is the ratio of the inertial force to the viscous force.
Proudmann [12] and Taylor [13] [9] ).
Oxygen and carbon dissolved in the melt diffuse from the thermal convection cell to the forced convection cell (Fig. 4) and reach the freezing interface.
3.1.1 Axial concentration. - The concentration of oxygen in the melt is due to two competitive processes : incorporation is proportionnal to the surface of contact between the crucible and the melt, and is reduced when the level of the melt decreases. The evaporation occurs through a constant surface. The concentration of oxygen in the melt decreases during the pulling process, and in the crystal from the seed end to the tail end. This is not true at the very end of the pulling, when the forced convection cell reaches the crucible : oxygen is then directly incorporated under the crystal-melt interface, and the oxygen concentration increases (Fig. 14) . See Murgai [15] ; Carlberg [20] . The axial concentration of carbon increases from the seed end to the tail end : the segregation coefficient of carbon in silicon is 0.07 (Nozaki [21] , Compain [19] ), and the exchanges of carbon between the melt and the atmosphere are very small during the solidification (Fig.14) . (Fig. 13) [23, 24] ).
In further thermal treatments, oxygen will precipitate in helicoidal patterns, which appear as eccentric rings in X rays topographs when the wafers are cut aslant (Fig. 15) .
A large bibliography is available; see Murgai [15] , Abe, [25, 26] ; Leroy [27] . [33] However, to explain the kinetics of donor formation, Ourmazd [34] introduced an increase of the low temperature effective diffusivity of oxygen with the concentration of silicon self interstitials.
The enthalpy of capture of oxygen in highly dislocated areas is 0.95 eV (Hrostowski, [35] , Magee, [36] ).
The diffusion coefficient of substitutionnal carbon in silicon measured by Newman [37] [39, 40] , Cazcarra [41, 42] , Claeys [43, 44] , Leroy [27] , Bourret [45, 46] . 3 -This generation is inhibited by carbon (Bean [38] ; Leroueille [49] ). K = 1 for Kaiser [48] ; K = 0.5 for Cazcarra [42] . The Many models were proposed (see Bourret [45] ), but the best fitting with all the observations is due to the model of Ourmazd [34] [38] , Capper [51] , Cazcarra [42] ).
e The kinetic is accelerated by the presence of carbon (Leroueille [49] ) or a 450 OC preannealing (Kanamori [52] ). Its enthalpy is 1.9 eV.
e It correlates with a reduction of infrared absorption of interstitial oxygen and substitutionnal carbon (Bean [38] , Cazcarra [42] , Leroueille [49] ).
e Ionization levels vary with temperature between 0.05 eV and 0.3 eV.
e Annihilation occurs at temperature above 900 OC, but without increase of the concentration of interstitial oxygen (Cazcarra [42] ). This is interpreted as a loss of the donor nature of oxygen-carbon complexes by adjunction of oxygen atoms.
e 'The number of donor states correlates with the pumber of nuclei for later oxygen precipitation (Cazcarra [42] [40] , Claeys [43, 44] , Leroy [27] .
At a temperature above 750 OC, there is no longer a coesite phase, but only amorphous silica. But precipitates punch out dislocations (Fig. 18) . Plougonven [56] , Leroy [27] ring shaped stacking faults (Plougonven [56] ) and various type of defects as shown in figure 18 .
The growth kinetics of the platelet like précipitâtes was studied by Wada [57] , between 750 OC and 850 OC.
He showed that the thickness remained constant (near 8 nm) and that the edge of the square grew with time t at rate Kt 3/4 . This kinetics corresponds to the rate of diffusion of oxygen to the precipitate.
The growth kinetics of the stacking fault in the 900 °C-1 150 °C range shows the same type of law,
i.e. radius proportionnal to time exponent 3/4, either for single stacking faults (Patel [40] or for ring shaped stacking faults (Plougonven [56] )). Leroy [27] It is clear in figure 15 that the number of oxygen precipitates follows the fluctuations of the pulling conditions, i.e. fluctuations in oxygen, carbon and clusters of point defects concentration, through the number of nuclei generated during cooling of the crystal, and during the process. T. decreases with increasing temperature :
The reduction of r[ due to the precipitates is nearly proportionnal to the quantity of oxygen precipitated (Leroy [61] ), but is larger for large precipitates grown at 1000°C than for small precipitates generated at 800°C (see Leroy [27] ). Figure 19 gives typical values of 0 3 C 4 ' c compatible with the experiments of Leroy [27] for (100) wafers.
It seems that interstitial oxygen increases the resistance to the generation of dislocations (Sumino [62, 63] ), or their migration (Hu [60] Figure 20 give typical values of these stresses along the radius of the wafer. See Leroy [61, 27] . plotted as a function of(rIR)2.r is the distance to the centre and R is the wafer radius -1 Pa = 10 dynes/cm2. Stress values are plotted for the concave side ( ... ), for the neutral fiber (-), and for the convex side (-. -). The temperature gradient is shown in the above insert. b) Zones of dislocations, generated on the concave and convex sides have been revealed by using a Jenkins-Wright etch. c) X-rays topograph shows dislocations (slip lines) are generated in the rings with oxygen precipitates (Leroy [61] ).
and at the edge, where they are maximum. Typical values of r at the centre and at the edge were determined by Hu [64, 60] and Leroy [61] , for flat wafers and by Leroy [61, 27] for bowed wafers. See figure 19 . It is clear that 0 3 C 4 ' c is reached nearly at the same time at the centre and at the edge, but always first in areas with high oxygen precipitation, and always at the centre of the concave side before the centre of the convex side (Leroy [61, 27] ). The critical parameter is then the direction of the bow and not its absolute value. As small a bow as 3 pm is sufficient in 100 mm diameter wafers to impose this direction (Leroy [27] ). During the process, the films can induce a change of bow at high temperature, different from the bow measured at room température ; see Leroy [65] . figure 19 for an annealing at 1000 OC, and take the bow into account.
by Leroy [27] . These values remain the same when the thickness, the diameter, the distance are multiplied by the same number.
Specifications. -To reduce the risks of plastic déformation, a maximum of oxygen concentration is imposed, and the edge of the wafers is chamfered. To reduce the yield loss due to the plastic deformation, a specification of convexity and of maximum bow must be added to incoming inspection.
The stresses due to bow are proportionnal to the square of the ratio of radius R to thickness h (Leroy [61, 27] (Leroy [10] [72] ).
Thermal history of the wafers is illustrated in figure 23 . Appendix.
Very recent developments on Silicon Material Science and technology were published in references [73 to 75] .
